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Abstract
Stratum corneum lipids play an important role in the barrier function of skin. An in vitro permeation model consisting of synthetic lipids has previously been developed to replace human stratum corneum (SC) in permeation studies. This model is referred to as the stratum corneum substitute (SCS). In order to improve its reproducibility and to increase the efficiency in preparing the SCS, two new preparation methods are developed. Subsequently the properties of the SCS prepared by the various methods, i.e. the manual airbrush method, the rotor airbrush method and the linomat method, are investigated. The results show that the SCS prepared with the various methods share the properties of a uniform lipid composition and lipid distribution. Furthermore, irrespective of the preparation method, the lipids form crystalline lamellar phases, mimicking the lipid organization and orientation in human SC. As a result, permeation profiles of benzoic acid through SCS are very similar to human SC. The rotor method increases the efficiency and reproducibility of the manual airbrush method, while the linomat method reduces the lipid loss during preparation and results in SCS with a more uniform membrane thickness. In conclusion, the linomat method was chosen as the preferred method for preparing the substitute.
Introduction
The uppermost layer of the human skin, the stratum corneum (SC) consists of flattened dead skin cells (corneocytes) surrounded by lipid lamellae. The lipid domains in the SC form the only continuous pathway through the SC and are suggested to act as the main barrier for diffusion of substances through the skin (1) . The main lipid classes in SC are ceramides (CER), cholesterol (CHOL) and free fatty acids (FFA) (2) (3) (4) (5) . The lipids are arranged in two coexisting lamellar phases; a long periodicity phase (LPP) with a repeat distance of ~13 nm and a short periodicity phase (SPP) with a repeat distance of ~6 nm (6, 7) . Furthermore, within the lamellae the lipids form mainly a crystalline lateral packing. The lipid organization and its orientation approximately parallel to the skin surface play an important role in the skin barrier function (8) . A more detailed analysis of the lipid composition revealed that the FFA has lipid chain lengths of mainly 22 and 24 C atoms (9) . In addition, there are nine subclasses of CER in human SC (5) . The CER consist of either a sphingosine (S), phytosphingosine (P) or a 6-hydroxysphingosine (H) base, whereas the acyl chain is a nonhydroxy (N), α-hydroxy (A) or ω-hydroxy chain (10) . The corresponding nonhydroxy and α-hydroxy CER are therefore denoted as CER NP, CER NS, CER NH, CER AP, CER AS and CER AH. The ω-hydroxy CER possess a longer chain length (mainly between C 30 and C 34 ) and have a linoleic acid chemically bound to their ω-hydroxy group (indicated with EO). They are denoted as CER EOP, CER EOS and CER EOH.
As there is a great interest in the administration of drugs via the skin, there is a need for predictive in-vitro permeation models. Isolated human epidermis or SC can serve as an excellent in-vitro model but human skin is scarcely available and the inter-individual variability of human skin is substantial. Furthermore, with respect to diseased skin, for which many topical drugs are developed, it is virtually impossible to obtain skin for in-vitro diffusion studies. Animal skin as an alternative is not an optimal choice as it has different permeation properties than human skin. In addition, after 2009 there will be an EU ban on the use of animal skin for the testing of cosmetic products.
Because of the crucial role of the lipids in the skin barrier function, in previous studies an in-vitro model based on SC lipids was developed, referred to as the stratum corneum substitute (SCS) (11, 12) . The SCS consists of a porous substrate covered with a layer of synthetic SC lipids.
These lipids mimic very closely the molecular organization and orientation of the SC lipid lamellae. An advantage of the SCS is that its composition can be easily modified which allows us to study the relationship between lipid composition, molecular organization and barrier function in just one model.
With the SCS we also have the unique possibility to mimic the lipid composition and organization of dry or diseased skin.
In previous studies, the SCS was prepared by spraying a lipid solution onto a substrate with a modified airbrush method. This preparation method results in a SCS with excellent barrier properties similar to SC.
However, the spraying process is labor intensive and a substantial part of the lipid solution is lost to the air. Therefore the preparation method of the SCS requires further optimization. In the present study a method is developed to scale up the production of SCS making it less labor intensive.
In addition, an alternative preparation method is presented to minimize the loss of lipids to the air. In order to validate the various preparation methods, the qualities of SCS prepared with the various methods are compared. The SCS are characterized concerning their 1) lipid composition and distribution, 2) thickness and profile of the lipid layer, 3) lipid loss during spraying, 4) lipid packing, 5) lamellar organization and orientation and 6) variation in equilibration temperature and permeation properties. 
Materials and Methods

Materials
Synthetic CER(EOS
Isolation of SC from human skin
SC was isolated from abdominal or mammary skin, which was obtained within 24 h after cosmetic surgery. After removal of the subcutaneous fat tissue, the skin was dermatomed to a thickness of approximately 250 μm using a Padgett Electro Dermatome Model B (Kansas City, KS, USA). The SC was separated from the epidermis by trypsin digestion [0.1% in phosphate-buffered saline (PBS), pH 7.4], after overnight incubation at 4ºC and subsequently at 37ºC for 1 h. The SC was then placed in a 0.1% solution of trypsin inhibitor and rinsed twice with Millipore water.
Until use, the SC was stored in a silica-containing box under gaseous nitrogen or argon in the dark to prevent oxidation of the intercellular SC lipids.
Preparation of the SCS
Preparing the lipid mixture
For the preparation of the SCS, CHOL, synthetic CER and FFA were used. The following synthCER composition was selected: CER(EOS)C30, CER(NS)C24, CER(NP)C24, CER(AS)C24, CER(NP)C16 and CER(AP)C24 in a 15:51:16:4:9:5 molar ratio which closely resembles the CER composition in pig SC (13) . This synthCER composition is similar to that used in our previous studies (12, 14) . The acyl chain length is either 30 C atoms (C30), 
Spraying of SCS with an airbrush
An evolution solo airbrush (Airbrush Service Almere, The Netherlands) connected to gaseous nitrogen was used to spray the lipid mixtures onto a polycarbonate filter disk with a pore size of 50 nm. For the manual spraying of SCS the same procedure is followed as published previously (11, 12) . For spraying multiple SCS simultaneously, the airbrush was equipped with an automated rotor developed by the fine mechanical and electronics department of our university, see figure 1 for a schematic presentation.
The rotor can contain up to ten SCS filters and rotates the filters minutes it covers the circular diffusion area (of 6 mm diameter).
Equilibration of SCS
After spraying with the manual/rotor airbrush or linomat, the lipidloaded filters were equilibrated at 70°C or 80°C for a period of at least 10 minutes and subsequently cooled down to room temperature in approximately 30 min.
SCS lipid composition and distribution
The lipid composition and distribution was determined by two methods. One-dimensional high performance thin layer chromatography (HPTLC) was used to establish the distribution of the various lipid classes over the filter surface. Briefly, the lipid-loaded filters were cut into two circular parts: the centre (diameter 4 mm; area 12.6 mm In order to be able to obtain a local absorption spectrum from a well defined small region in the membrane a pinhole of 1.4 mm in diameter (developed by the fine mechanical department) was designed and used to measure a spectrum at five positions on the SCS (see figure 3A) . From the peak integration of the CH 2 and CD 2 stretching vibrations at 2849 and 2088 cm -1 respectively, the absorption spectra intensity ratio between CER and perdeuterated FFA could be obtained for each position. A change in intensity ratio indicates a change in CER/FFA composition.The contribution of CHOL to the νsCH 2 vibration is neglected because of its much shorter lipid tail. All samples were measured at room temperature.
Thickness and lateral organization of the SCS lipid layer
In order to determine the thickness of the SCS by the absorption in the FTIR spectrum, first the relation between the infrared absorption and layer thickness was determined. For this purpose the spraying speed of the linomat was lowered, so that a complete SCS is sprayed in 17 homogeneous layers. The FTIR spectrum in the center of the SCS was measured through the pinhole after each additional sprayed layer with the linomat. After each measurement the FTIR absorption was calculated from peak integration of the CH 2 rocking vibration (ρ r CH 2 at 720 cm -1 ). After the relationship between the FTIR absorption and the layer thickness was established, the infrared absorption of the CH 2 rocking vibration was used as a parameter to determine the uniformity of the SCS thickness. The pinhole was set at the center and at 1 and 2 mm radial distance from the center (see figure 3A ).
Subsequently the FTIR spectrum was measured and absorption was determined using the ρ r CH 2 at 720 cm . All FTIR measurements were performed at room temperature.
Lipid Loss during spraying
For the airbrush and linomat preparation methods the lipid yield on the filter surface was determined. After spraying, the membrane was weighed and the empty membrane weight was subtracted. The resulting lipid layer weight (after spraying) was divided by the amount of lipids used during spraying multiplied by 100%, to obtain the percentage lipid yield on the filter.
Also, the yield inside the diffusion area was determined. After spraying and equilibration, the circular membrane diffusion area of 6 mm diameter was punched and weighed, the empty membrane weight was subtracted. The remaining lipid weight was again divided by the amount of lipids used during spraying and multiplied by 100% to obtain the percentage lipid yield inside the diffusion area on the filter.
Lamellar organization and orientation determined by SAXD
Small-angle X-ray diffraction was used to acquire information about the lamellar organization (i.e., the repeat distance of a lamellar phase) and the orientation of the lamellae. The scattering intensity I (in arbitrary units)
was measured as a function of the scattering vector q (in reciprocal nm). The latter is defined as q=(4πsinθ)/λ, in which θ is the scattering angle and λ is the wavelength. From the positions of a series of equidistant peaks (q n ), the periodicity, or d-spacing, of a lamellar phase was calculated using the equation q n =2nπ/d, n being the order number of the diffraction peak. One dimensional intensity profiles were obtained by transformation of the 2D SAXD pattern from Cartesian (x,y) to polar (ρ,θ) coordinates and subsequently integrating over θ from 60 to 120 degrees. All measurements were performed at the European Synchrotron Radiation Facility (ESRF, Grenoble) using station BM26B (16) . The X-ray wavelength and the sampleto-detector distance were 0.124 nm and 1.6 m, respectively. Diffraction data were collected on a two-dimensional multiwire gas-filled area detector with 512×512 pixels of 0.25 mm spatial resolution. The spatial calibration of this detector was performed using silver behenate (d=5.838 nm). A filter with lipid layers was mounted parallel to the primary beam in a temperature controlled sample holder with mica windows. Static diffraction patterns were collected at room temperature. The temperature-induced phase changes were measured by collecting successive diffraction patterns, while the temperature of the sample was raised from 20 to 80°C at a rate of 1°C/min, subsequently kept at this temperature for 10 min and then reduced in temperature to 20°C at a rate of 5°C/min. During the dynamic measurements each diffraction curve was collected for a period of 2 min.
Diffusion studies on human SC and SCS
In vitro permeation studies were performed using Permegear in-line diffusion cells (Bethlehem PA, USA) with a diffusion area of 0.28 cm 
Results
The SCS was constructed with the three methods; the manual airbrush method used in previous studies, the automated rotor airbrush method and the linomat method. In order to characterize the SCS, the lipid composition and distribution, membrane thickness, lipid yield, lipid organization, and the barrier function of the SCS prepared by the different methods have been examined.
Lipid composition and distribution
In 
Thickness and cross section of the lipid layer
A uniform thickness of the lipid layer of the SCS is important when performing permeation experiments. In order to determine the SCS thickness at a predetermined position in the SCS, first a linear relation between the peak intensity of the ρ r CH 2 rocking vibration at 720 cm -1 in the FTIR spectrum and the number of sprayed layers was determined. After each layer sprayed with the linomat, the IR absorption was determined by FTIR. The results are displayed in figure 3B . The graph clearly shows that there is a linear relationship between the layer thickness of the SCS, expressed by the number of layers sprayed with the linomat, and its infrared absorbance around 720 cm -1 (the contours of the ρ r CH 2 rocking vibration).
Thus, by measuring the intensity of the ρ r CH 2 mode, the relative thickness of a prepared membrane can be determined.
Using the linear relationship between the intensity of the absorption peak of the ρ r CH 2 rocking vibration and the membrane thickness, the homogeneity in thickness of the lipid layer of SCS can be determined by measuring this ρ r CH 2 rocking vibration intensity at various selected locations on the stratum corneum substitute. These locations are chosen in a cross section at the center and 1 and 2 mm out of the center. Figure 3C shows the relative infrared absorbance of the ρ r CH 2 contour at the various positions on SCS, in which the intensity of the ρ r CH 2 contour in the center of the membrane is set to 100%. From this figure it is obvious that for all three methods the layer thickness is highest in the center of the SCS and reduces towards the edge of the diffusion area. Furthermore, the linomat method delivers SCS with a more homogeneous layer thickness than SCS prepared with the rotor-or manual airbrush method.
Lipid loss during spraying
The distance between the nozzle and the supporting membrane using the airbrush method is 7.7 cm for the rotor and 5 to 10 cm for the manual holder, while the distance between the needle tip and the supporting membrane using the linomat method is only 1 mm. This may result in differences in lipid loss. Therefore the lipid yield in the diffusion area of the membrane is determined by weighing. For the manual airbrush, rotor airbrush and the linomat method, the recovery of lipids sprayed on the filter is respectively 68±19% (n=3), 52±4% (n=5) and 93±4% (n=3) of the total amount of lipids used for spraying. However, the recovery of lipids inside the diffusion area is 8±1% (n=4) for the manual airbrush, 10±1% (n=4) for the rotor airbrush and 31±2% (with n=13) for the linomat method. The recovery in the diffusion area is less than the total recovery because a relatively small area of the membrane is used for diffusion. From these results it is clear that the airbrush method has a much lower lipid yield than the linomat preparation method. mixtures (17) . The δCD 2 band typical for SCS prepared with any of the three methods is shown in figure 3D -ii. A singlet was observed at all five positions (see figure 3A) on the SCS indicating that deuterated FFA and CER participate in the same crystal lattice.
Lamellar organization and orientation
Besides the lateral organization (lipid packing), the formation of the lamellar phases and their orientation are both assumed to be crucial for the skin barrier function. The lamellar organization is examined by small angle X-ray diffraction using a two-dimensional detection. Figure 4A , which
should be assigned to another lipid structure. As these peaks were never identified in the diffraction pattern of stratum corneum (7, 18, 19) , additional studies were performed to observe whether the formation of this phase could be avoided. One of the critical parameters is the elevated equilibration temperature after spraying. Therefore, for an unequilibrated SCS (prepared by the linomat method), the phase behavior was examined as a function of temperature during heating and cooling. The result is provided in figure 4C .
The measurement starts at room temperature, and upon heating, between 70 and 80ºC all diffraction peaks disappear. After the SCS is kept at 80ºC for 10 minutes (equilibration), the SCS is cooled down to 20ºC at a rate of 5°C/min. During this cooling process, first a diffraction peak attributed to the
) as well as the CHOL peak appear around 60°C, and at slightly lower temperature also the diffraction peaks of the LPP appear.
Interestingly, this thermal treatment did not result in the reappearance of the peaks attributed to the 4.4 nm phase. In a similar dynamic experiment an unequilibrated SCS was equilibrated at 75 instead of 80ºC, it was striking that the diffraction peak at 4.4 nm and the CHOL peak did not disappear at 75ºC and were still present after equilibration (data not shown). For this reason, in preparing SCS, it was decided to adapt the equilibration temperature from 70 to 80ºC. Figure 4D shows the SAXD pattern of SCS (prepared by the linomat method) after equilibration at 80ºC; it is obvious that the 4.4 nm phase disappeared and the intensity of the first order cholesterol peak reduced, in comparison with SCS equilibrated at 70ºC ( figure 4A) . Furthermore, the repeat distance of the long periodicity phase increased to 12.2 nm more closely mimicking the lipid organization in stratum corneum.
As a clear difference in phase behavior was observed when equilibrating the SCS at 70 or 80ºC, polarization microscopy was conducted to study the presence of crystals at the two equilibration temperatures. In figure 5 two typical polarization microscopic images are shown for SCS equilibrated at 70ºC and 80ºC. It can be seen that the degree of mosaicity is greatly reduced at 80ºC, while at 70ºC needle-shaped crystals are present.
Because the cholesterol fraction is reduced with a temperature rise from 70ºC to 80ºC (as concluded from SAXD results), the needle-shaped crystalline domains observed at 70ºC may originate from phase separated cholesterol. This hypothesis was further investigated with SCS prepared with a reduced cholesterol content (molar ratio of CER/CHOL/FFA = 2/1/2). This SCS equilibrated at 70ºC indeed showed a lower number of crystals than SCS prepared using equimolar CER:CHOL:FFA mixtures (images not shown).
Variation in equilibration temperature and permeation properties
As a difference in lipid organization was observed when equilibrating the SCS at 70ºC or 80ºC, it was decided to perform permeation studies using SCS equilibrated either at 70 or 80ºC. In figure 6A the permeation profiles of benzoic acid are depicted of SCS prepared at 70 or 80ºC using either the linomat or rotor method. 
Discussion
The main purpose of our studies is to construct a SCS that can be used as an in vitro permeation model. This is of interest for at least two reasons. First, the SCS can serve as a model for human stratum corneum to screen compounds on their skin permeability or study the effect of formulations on the permeation profile. Second, the SCS offers the unique opportunity to study the relationship between lipid composition, lipid organization and permeability in one model. This is of particular importance for understanding the reduced skin barrier function in diseased skin. For screening purposes several reconstructed skin models are already commercially available. However, although these models are very useful for skin irritation tests (20, 21) , they show an impaired barrier compared to human skin. This makes these models less attractive as an alternative for human skin in permeation studies (22), (23) .
When used for permeation purposes, the SCS should i) be prepared in a very reproducible manner, ii) be homogeneous in composition and in membrane thickness and iii) mimic lipid organization and orientation of human SC. These properties of SCS, and its permeation properties, will be discussed below.
Optimal preparation with the linomat method
In our present study, besides the manual airbrush and rotor method, the linomat method was used to prepare the SCS. Kuempel et al also used the linomat for spraying lipids on a Millipore filter disk (24) and they showed for the first time that it is possible to form the broad-narrow-broad pattern characteristic for SC lipid organization using RuO 4 staining. However, their studies were different from ours in at least three aspects. i) Kuempel et al used total lipid extracts of pig SC without isolation of the CER, while we use mixtures based on synthetic CER. As we noticed in previous studies, the preparation method of mixtures prepared with synthetic CER is different from that prepared with isolated CER, especially with respect to the choice of the optimal equilibration temperature (14) . ii) Kuempel et al did not modify the linomat by adding an extra arm, which allows spraying of lipids in a predefined area of the supporting membrane. This may indicate that their supporting membrane is not homogeneously covered with lipids. This limits the use of these membranes in permeation studies. iii) Kuempel et al concluded that in the absence of hydration no broad-narrow-broad structure (visualized by RuO 4 staining) could be obtained. The latter is likely correlated with the formation of the LPP. Using our application method it is possible to form the LPP in the absence of water. Furthermore, in our previous study we showed that hydration at elevated temperature results in phase separation between lipid and water domains in the membrane (12) creating a leaky SCS, which cannot be used in permeation studies.
The linomat application method showed some advantages above the rotor and manual air-brush spraying methods. First, the loss of lipids for the linomat method was much lower than for the airbrush spraying methods, which is most probably due to the shorter nozzle to membrane distance.
Second, the membrane thickness is more uniform using the linomat application method instead of the airbrush spraying methods.
HPTLC and the ratio of the absorption of the CH 2 /CD 2 symmetric stretching frequencies in the FTIR spectrum both revealed that in all SCS the lipid composition parallel to the SCS surface is quite homogeneous.
However, in contrast to the rocking frequencies used to determine the SCS thickness, the CH 2 and CD 2 stretching absorptions used to determine the uniformity of the SCS composition, are not linearly correlated with the SCS thickness. The signal of the MCT detector used to measure the infrared spectra is nonlinear with sample absorption in the region around 2800 cm -1 , which is the region of the CH 2 stretching mode used to determine CH 2 /CD 2 ratio and thus the lateral homogeneity in the lipid membrane. Therefore, a variation in membrane thickness (different absorption) in this region, will affect to some extent the CH 2 /CD 2 intensity ratio of the stretching mode. The membranes prepared by the rotor airbrush method were thinner than those prepared by the linomat and manual rotor method, which resulted in higher CH 2 /CD 2 stretching peak ratios of the SCS prepared by the rotor airbrush method, see table 1.
FTIR as a non-destructive tool to measure thickness and lipid distribution
The average membrane thickness and cross section of the lipid layer are assessed by FTIR without destruction of the SCS. This makes it an elegant method for quality control of prepared SCS as the measurements can be performed prior to a permeation study. Another control is the assessment of lipid distribution by FTIR using perdeuterated fatty acids. If the distribution of lipid components over the membrane surface is not uniform, the LPP that is crucial for the barrier function (11), may not be formed.
Pidgeon et al demonstrated already in 1989 that FTIR can be used to quantify the lipid content in organic lipid solutions and extracted membrane preparations (25) . Although our method presented in this paper is based on the method of Pidgeon, there are some differences. We quantify the lipid thickness of the SCS by integration of the peak intensity of the rocking vibration, whereas Pidgeon used an internal standard combined with the stretching vibrations. We did not choose for an internal standard as this might affect the lipid organization and therefore the permeability of the SCS. Also, we chose for the rocking vibrations because we observed that only in this region of the spectrum the absorption was linear with the lipid quantity. Furthermore, it is well known that the steady state flux of a substance through a membrane according to Fick's Law is linear dependent on the reciprocal membrane thickness. Therefore a homogeneous reproducible thickness is a prerequisite for the SCS when used in screening studies. Variation in thickness of the SCS prepared with the two airbrush methods is larger than that of the SCS prepared by the linomat method, although even when using the linomat method there is still a small variation in thickness. This may be due to the equilibration step at elevated temperatures. At these temperatures the lipids are in the hexagonal to liquid phase transition, which will result in a small additional spreading over a larger surface area.
The SCS closely mimics the stratum corneum lipid organization
In human SC the lipids are organized mainly in an orthorhombic lateral packing, which is considered to play an important role in the skin barrier function (26) (27) (28) . Therefore, it is a prerequisite that the SCS form an orthorhombic (very tight) lateral lipid packing. As demonstrated in figure 3D -i, the lipids form the orthorhombic lateral packing. Furthermore, as the inter peak distance of the doublet is approximately 9.2 cm -1 approaching the maximum splitting of 11 cm -1 , this indicates that the crystalline domain sizes exceed that of 100 lipids (29) . In previous studies, FTIR was used to study the mixing properties of perdeuterated palmitic acid and protonated CER in one lattice (29, 30 Not only the orthorhombic packing, but also the LPP has been suggested to be important for the barrier function (11) . The diffraction pattern of the SCS shows the coexistence of the LPP and SPP, similarly as in human SC. However, after equilibration of the SCS at 70ºC an additional unknown phase was formed not present in SC. This phase disappeared after using an equilibration temperature of 80ºC. This is in contrast to the phase behavior of lipids casted on mica in previous studies, in which an equilibration temperature of 70ºC was sufficient (14) . Very recently, we In the two-dimensional detection plane, the arc-shaped form of the reflections in the diffraction pattern in figure 4A indicates that the majority of the lamellae are oriented parallel to the surface of the membrane. This arcshaped pattern is very similar to that observed for SC (not shown) indicating that the SCS has a very similar lamellar orientation.
SCS as a permeability model can replace human SC
For our permeation studies we chose a model compound similar to the compounds used previously (11), namely benzoic acid (BA). As we observed differences in the phase behavior after equilibration at 70 and 80°C we have first investigated the effect of equilibration temperature on the permeability of SCS. It appeared that for the lower equilibration temperature of 70ºC (where a separate phase exists) the SCS permeability for BA is slightly lower and the lag-time longer. Equilibration at 80ºC resulted in a shorter lag-time, which mimics more closely the diffusion profile across human SC. This demonstrates that it is important to mimic the lipid phase behaviour in SC as closely as possible.
Subsequently, the SCS were prepared with all three methods and after equilibration at 80ºC their permeability was compared to SC. No significant differences in BA permeability were observed regardless of the preparation method used. Although the diffusion profiles through the SCS revealed a slightly longer lag-time than the diffusion profiles through SC, the steady state fluxes through SCS were very similar to those through SC.
Therefore, the SCS can serve as an excellent permeability model and replace stratum corneum in diffusion studies.
In conclusion, in this study it has been shown that the preparation of SCS is feasible with any of the tested preparation methods; manual airbrush, rotor airbrush or linomat. The SCS prepared with the three methods displayed the desired properties of a uniform lipid composition, the presence of an orthorhombic lateral organization, the distinct phases with a lamellar orientation approximately parallel to the membrane surface and permeation properties similar to human SC. The linomat method was selected as the most appropriate method for preparing the SCS, as the spraying was most efficient and the membrane thickness was more uniform compared to the two airbrush methods.
